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NOTICES

When Government drawings, specifications, or other data are used for any purpose other than in
tvonnection with a definitely related Government procurement operation, the United States Government
thereby incurs no responsibility nor any obligation whatsoever; and the fact that the Government may
have formulated, furnished, or in any way supplied the said drawings, specifications, or other data, is
not to be regarded by implication or otherwise as in any manner licensing the holder or any other

perion or corporation, or conveying any rights or permission to manufacture, use, or sell any patented
invention that may in any way be related thereto.

---------

Qualified requesters may obtain copies of this report from the Defense Documentation Center, (DDC),
Cameron Station, Alexandria, Virginia.

This report has been released to the Office of Technical Services, U. S. Department of Commerce,
Washington 25, D. C. for sale to the general public.

.........

Copies of ARL Technical Docomentary Reports should not be returned to Aerospace Research
Laboratories unless return is required by security considerations, contractual obligations or notices on

a specified document.

400 = November 1964 ~ 44§-12-328




"

r;..,&;:..:rh;.(

S B e ey g

i

P R T AL

By, s

e
}
Mia b NNORAR

'y

w_ﬁ

=
<

:
3

=3 e
T e

"

=
E

S

i
i o

i i
9. e o

Al i iy

)

"

h

4
i

4

5
!kl
s
4!

J

.w wmw

ot
i
|

7

W
f

ki

T

L
it
Hasj

e




ARL 64-143

SHOCK TUBE DECOMPOSITION OF NITROUS OXIDE

E. STOKES FISHBURNE
DANIEL M. BERGBAUER
RUDOLPH EDSE

THE OHIO STATE UNIVERSITY
ROCKET RESEARCH LABORATORY
COLUMBUS, OHIO

OCTOBER 1964

J

Contract AF 33(657) S7at
Project 7065
Task 7065-01

AEROSPACE RESEARCH LABORATORIES
OFFICE OF AEROSPACE RESEARCH
UNITED STATES AIR FORCE
WRIGHT-PATTERSON AIR FORCE BASE, CHIO




nsa Rlatesal

e ot
SVUILWNUIW

This interim technical documentary report was prepared by E. Stokes
Fishburne, Daniel M. Bergbauer, and Rudolph Edse of the Department of
Aeronautical and Astronautical Engineering of The Ohio State University
on Contract Rumber AF 33(657)-8951, Project 7064, Aeruspace Simulation
Techniques Reseearch, Task 7065-01, Fluid Dynamics Facilities Research.
The research on this task was administered under the direction of the
Aerospace Research Laboratories, Office of Aerospace Research, United
States Air Force, with Mr. John Goresh, Fluid Dynamics Facilities
Laboratory, as Contract Monitor.

This report covers cne phase of the investigation on Contract AF
33(657)-8%51.

i1

HEPARIIIS SR BRIt orore
'




ABSTRACT

The tkhermal decomposition of nitrous oxjide has been studied in the
temperature region from 1500°K to 2200°K. At temperatures higher than
2200%K the rate of decontposition is too rapiéd for accurate measurements.
Shock tube techniques, employing the region behind the initial shock wave,
were used. BRecause of the exothermic nature of the decomposition of
nitrous oxide it was necessary to study mixtures ¢f nitrous oxide in an
excess of diluent. The gases normally used as diluents were argon, nitric
oxide, oxyger, and eir. In general, the concentratlion of nitrous oxide was
2% hy volume with S84 &iluent.

The results obtsined with nitric oxide as a diluent indicate that
the reaction is bimolecular. The rate constant derived from these
experiments is in excellent agreement with the rate constant obtained
by other invectigators at lower temperatures.

The data obtained with argon, oxygen, or air as diluents indicate
that the decomposition is bimolecular at low concentrations and becomes
monomolecular at higher concentrations. The high concentration limit
vwas not reached in this study.

There is good agreement between the data obtained in this study and
the data obtained by other investigators at lower tempersiures. However,
the activation energy was found to depend on concentration. The maximum
activation energy occurs at the highest total concentration, about 1.50 x

10~# moles/cc, and was determined to be 56,000 cel/mole.
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SECTION I
INTRODUCTION

The laboratory simulation of very high Mach number flows on a con-
tinuous basis in a wind tunnel has been hindered somewhet by the temper-
ature to which the air may be heated. Conventional electrical heaters
can be used only to about 2300 to 2500° Farenheit and consequently when
the flow is expanded greatly, the gas may coudense. Other types of
heaters have been proposed, such as the pebble-~bed heater and the cerbon
heater. However, both of these suffer from verious limitations. The
most notevorthly limitation is the oxidation of the surfece by the hot
oxygen. The possibility of using nitrous oxide as part of the working
fluid in 2 wind tunnel has been discussed in other reports in the
literature (Ref. 1-3). 1In general these reports have considered the
overzall esvect of the nitrous oxide addition. In particular the report
by Thomes (Ref. 3) decribes an attempt to heat the nitrous oxide by
conventional electrical heaters. However, considerable difficulty wes
exverienced since the nitrous oxide tended to decompose in the eddying
flow behind the electrical heaters. In the very loczlized decomposition
the heat of the decomposition was transferred to the heaters and resulted
in a burn-out of the heater. Other possibilities of using nitrous oxide
exist but these will be discussed in & later report. At the present time
ve are primarily interested in trying to determine the rate at which
nitrous oxide decomposes at very high temperstures and pressures.

. Johnston (Ref. 4) presents a complete survey of azll low temperature
datz concerning the decomposition rate of nitrous oxide. The maximm
temperature obtained in these exveriments wes 1052°K. The expveriments
described in Ref. 4 for the most part were conducted in constant volume
devices. The descrivtion of the apparatus moy be obtained in Ref. 5 and
6. However, to study the high temperature thermal decomposition of
nitrous oxide these constant volume devices could not be used because

of the rapid increase in the decomposition rate. Several other reports
have been presented which include data in the temperature region between
1500°K and 2200°K (Ref. T, 8 and 12). Fishburne et al (Ref. 7) present
data collected in a shock tube for a mixture of nitrous oxide and argon.
Bredley and Kistizkowsky (Ref. 8) present datz also collected in a shock
tube but this data is somevhat questioneble in that they were trying to
prove the merits of a particular high speed sampling system. A further
point of question is that they used the reflected stock weve in a shock
tube with an inside dismeter of only 1/2 inch. It has been shown by
Strehlow and Cohen (Ref. 9) and Skinner (Ref. 10) that the conditioxn
behind the reflected shock wave is somewhat guestionsble due to the
interactions between the boundary leyer and the reflected shock wave.
This phenomena also is discussed by Merk (Ref. 11).

The only other data obtained at high temperatures are the experimentel
dzta obtained by Jost et 21 (Ref. 12) in which they studied the rate of
decomposition of nitrous oxide in an excess of argon. However, these
suthors also used the reflected shock wave in the shock tube.




The experiments to be described in this report present experimental
data on the rate of decomposition in argon-nitrous oxide, nitric oxide-

nitrous oxide, oxygen-nitrous oxide, and air-nitrous oxide mixtures. These

experiments were conducted in a shock tube, to be described, and the data
were obtained behind the incideut shock wave thereby removing the problem
of the uncertainty of the conditions behind the reflected shock wave. The
experimental arrangement will also be discussed since a knowledge of
experimental techniques is pertirent in the final discussion concerning
the possible sources of error.

SECTION II
EXPERIMENTAL APPARATUS

The use of a shock wave to generate high temperatures for the study
of very fast reactions has been discussed elsewhere, in particular Ref.
T, 13, and 19. The shock tube used in this study consists of two sectioms:
1.) a driver section, vhich is 17 feet long with a 3 inch inside diameter,
2.) a driven secticn, which is 19 feet long with a 3 1/2 inch inside
diameter. Both sections are constructed of stainless steel. A dump tank
is located at the end of the driven section to increase the time required
before the shock wave reflects from the end of the tube and returns to
the region vhere the gas is being studied. For a detailed description of
this shock tube the reader is referred to Ref. 7. The shock wave is
generated by bursting a diasphram pliced between the two sections. The
diaphram is ruptured by increasing the driver pressure. In general, the
increase in nressure in the present arrangement was obtained either by
the combustion of the gas or by injecting gas from a very high pressure
reservoir. ‘The driver section is equipped with 17 low voltage ignitor
prodes speced about 18 inches apart and staggered on either side. 'The
power supply for the ignitor probes consists of a 6 volt wet cell battery.
This battery is used to explode pyrofuze ignitor wires which in turn
ignite the combustible mixture. Measurements of the time required to
ignite 10 probes indicete that the total time involved is less than sbout
8 milliseconds. This short ignition time should assure & fairly uniform
combustion.

The diaphrams used in the experiments were either made of mylar or
of cold rolled steel, vhich had been scribed to provide a uniform rupture.
The metel diaphrams were generally used with the combustion system and
the mylar diaphrams were used for the high pressure system when hydrogen
wvas used as the driver gas. Frequently, however, mylar also was used
with the combustion arrangement.

A. Velocity Measurement

The velocity of the shock wave was measured at several points on the
tube to provide information on its attenuation. In general, it was found
that the attenuation with a hydrogen driver was negligible; whereas with
the combustion driver, it was not negligible in some ceses. The shock wave




velocity was detcrmined by measuring the time of passage of the shock wave
between two sets of platinum strips. The resistance of the platinum
strips increaseswhen subjected to a temperature increase. The initial
change of the resistance will occur in less than one microsecond, thereby
providing & rather accurate check of the time of passage of the shock wave.
These platinum strips can be used for 50 to 80 experiments.

In order to construct a thin film platinum element, a thin platinum
film must be adhered to a nonconductive base. For these bases both pyrex
and quartz are suitable. Once the platinum, in the form of platinum
particles suspended in a liquid, is applied to pyrex the glass must be
baked in an oven to fuse the platinum to the glass. The resistances
obtained in this manner were of the order of 300 ohms. A typical
arrangerent of the platinum strip is shown in Figure 1. The end of the
pyrex is flush with the tube wall in order that the flow of the gas will
not be disturbed. The platinum strip is placed in one arm of an electrical
bridge. Thus, when the resistance of the platinum strip changes due to the
arrival of the shock wave, a change in the voltage drop across this strip
is obtained. This change in voltage drop is then amplified and used as
the timing pulse. A schematic diagram of the amplifiers used in this
arrangement is shown in Figure 2. The output from the amplifiers is then
directed into a ten megacycle chronograph. The pulse from the first detector
is used to start the unit counting and the pulse from the second detector,
spaced 0.5 meters away is used to stop the unit. The shock wave velocity
is calculated by dividing the distance traveled Ly the wave by the time
required to travel the prescribed distance. Generally, the accuracy of
this timing device is about 0.5 microseconds. In an overall time of 300
microseconds, this represents an accuracy of asbout 0.2% in the calculation
of the shock wave velocity.

At a point slightly further down the tube the shock wave velocity is
measured again. This second measurement occurs just before the point at
vhich the decomposition is studied. This measurement provides an accurate
knowledge of the exact shock wave velocity at the time of arrival of the
shock wave at the observation point. A differentiated form of the output
from two platinum strips is displayed on an oscill scope on which is
superirposed a ten microsecond timing pulse. A typical photograph of the
oscilloscope trace is shown in Figure 3. 2 neasurement of the time of
passage of the shock wave from this photograph is felt to have an accuracy
of about microsecond in 300 or about 0.3%.

B. Calculation of Temperature and Pressure Behind the Shock Wave

The method whereby the thermodynamic state of the gas behind the shock
wave is determined, is discussed in Ref. 7. Briefly, it is assumed that the
gas is in complete thermodynamic equilibrium. The enthalpy of the mixture
is setermined on & percentage besis from the known composition of the sample
mixture. The conditions behind the shock wave are presented in graphical
form from vhich, for a given shock wave velocity, the thermodynamic variables
may be determined.




C. Determining the Rate of Decomposition of Nitrous Oxide

To determine the rate of decomposition of nitrous oxide it was decided
to use spectroscopic methcds. Spectroscopic methods have an advantage in
that it is not necessary to insert probes into the mixture to determine the
rate of decomposition of a particular species. In particular, the time rate
of change of the concentration of nitrous oxide vas deiermined by observing
the infrared radiation from nitrous oxide. When this gas is heated it
radiates in certain spectral regions in the infrared (Ref. 1ll4). In this
study the radiation at 4.5 microns and at 3.9 microns was monitored to
determine the rate of decomposition. The intensity of radiation of the
heated gas may be given by

1 = const. (C) exp (- g/RT) (1)
Q .

vhere (C) is the concentration of the radiating species, £ is the energy
level from which the species are radiating, and Q is the partition function.
In the infrared region of interest, the primary gas radiation is due to the
vibration-rotation bands of the molecules. For the 4.5 micron band the
equation above reduces to

I = (const.) () e (-2 71) exp (- 2) (1 - e [- 3]) exp (£

1 g2 ()

Y% %

vhere 93 is the characteristic temperature of the 4.5 micron vibration-
rotation band and Q and Q, are the partition functions for el and 92

respectively. From the last two equations we find that the intensity of
the radiation is directly proportional to the concentration of the species
(C) and the effect of vibrational temperature of the particular vibrational
mode of interest. If there is an appreciable change in the temperature and
pressure as the reaction proceeds, then there will be an appreciable change
in the concentration of the species due primarily to the change in temper-
ature, pressure, and the decrease in the concentration due to chemical
reactions. We may write for the change in species concentration

€)= () & (1 -a) (3)
o]

vhere Po is the initial density behind the sbock wave, (C), is the initial
concentration of the species behind the shock wave, and @ is the fractional



amount which has disappeared during the reaction. In other words if 75%
of the initial amount has disappeared then a equals 0.75. Substituting
this expression into the last egquation for the intensity produces

I = (comst.), (él) (1 -a) (1 -exp [-03/7]) Qil Q;a
o

)
é
ew (- 121 exp (- 22) exp (- )

wvhere the constant is truly a constant fo~ ny particular experiment.

When nitrous oxide decomposes the energy of decomposition is released
and is converted to static kinetic energy and uniform kinetic energy of the
gas. This heat addition produces a decrease in the density of the gas and
an increase in the temperature. Thus, we find that the intensity of the
radiating gas will vary both as the density changes, as the temperature
changes, and as the amount of decomposing species changes. To interpret
the radiation from the gas in such a manner as to obtain reaction rates wve
must consider all of these possible changes. In general, we may eliminate
to a large extent the effect of changing density and changing temperature
by using a large amount of some diluent. In other words. we may mix the
gas which we are studying with an excess of argon or some other gas. In
the experiments presented in the following sections the diluent was normally
about 984 of the mixture. That is,the amount of nitrous oxide corresponded
to 2% of the total mixture by volume. In this situation and if the study
of the radiation is restricted to the initial decrease in the radiating

species then the temperature and density will remain essentially constant
and ve may write for the intensity of the radiastion

I-= &mmtJ3(C) (s)

Thus we see that the radiation is directly proportional to the concentration
of the radiating species which, in this case, is nitrous oxide.

In studying the radiation from nitrous oxide primary emphasis was
placed upon the radiation at 4.5 or 3.9 microns. The radiation occurring
at 4.5 microns corresponds to the fundamental of the anti-symmetric mode
or upper valence bond of the nitrous oxide molecule. The radiation at
3.9 microns corresponds to the first overtone of the so-called symmetrical
mode or lower valence bond of the nitrous oxide molecule. The reason for
observing radiation at both points will be explained in a later section.

It was necessary to use sapphire windows, front-surfaced mirrors and
an indium antimonide infrared detector to observe the radiation in this

region of the infrared. A Perkin-Elmer Model 98 monochrometer wes used



to provide the necessary isolation of the wave length region of interest.

The optical arrangement used in this experiment is shown in Figure L, The
response time of the infrared detection system was found to be less than
1 microsecond.

D. Gas Preparation

The diluents chosen in these experiments were argon, oxygen, nitric
oxide, and air. Argon wvas chosen for two primary reasons; l1l.) the use of
argon as a driven gas containing about 2% nitrous oxide makes it possible
to obtain the necessary Mach numbers rather easily, 2.) with argon the
decomposition of nitrous oxide would be & true decomposition process
rather than a bimolecular chemical reaction. The use of nitric oxide
as a diluent was selected because of the possible role of nitric oxide
in the decomposition mechanism during decomposition of nitrous oxide.

Oxygen was chosen for the same reason. Several experiments were conducted
using air as the diluent to determine the effect of air on the decomposition
of nitrous oxide such that estimates could be made of the decomposition rate
of air-nitrous oxide mixtures in the stagnation chamber of hypersonic wind
tummels. All gases, except air, were obtained from the Matheson Company.
The argon was specified by Matheson to have a minimm purity of 99.998% with
the main impurity being nitrogen. This purity was checked with the gss
chromatograph facility at the Rocket Research Laboratory and found to agree
quite vell with the Matheson estimeste. The only other purification
procedure involved the use of askerite to remove the polyatomic molecules,
except nitrous oxide, and Drierite to remove moisture from the gases. It
wvas found that a fair amount of nitrogen dioxide existed in the nitric
oxide. However, passage of the nitric oxide through the askerite removed
this impurity.

Nitrous oxide and the diluent were premixed in & special mixing
chamber vhich was provided with paddle wheels to insure uniform mixing.
The percentage of nitrous oxide in the mixture was generally about 2% in
all cases except the initial experiments with argon reported in Ref. 7.
In general, the percentage of nitrous oxide varied between 1.9 and 2.1
per cent with a nominal average of 2%. This percentage was determined by
use of the gas chromatograph. Several samples were taken both at the
beginning, after the gases were mixed, and just before the mixing chamber
vas emptied. The samples taken before and after use of the mixed gas
agreed quite well. Because of the high pressure in the mixing chamber,
about 300 psi, once the gas had been premixed it could be used for many
experiments.

SECTION III

DETERMINATION OF THE REACTION RATE CONSTANT

The basic reactions vhich must be considered in studying the rate of
decomposition of nitrous oxide are usually considered to be



Reaction

ke
M+ NOGEM + N0 (a)
k!
ky
N, 0% —=N, + O + 38.3 keal (1)
0+ K 0-1:2> o) T8.9 kcal (
+ K, N, + 0, - 8.9 2)
k'a
0 + NyO—#2 NO - 35.9 keal (2')
NO + naoflne + N0, = 32.5 keel (3)
. L
N02+N20—>N2+02+N0-7.5kca1 (%)
O+ NO + Mime + M~ T1l.4 keal (5)
kg
0+ 0+ M—#0, + M - 117 keal (6)

To determine the combined effect of ell of the various reactions in the
decomposition of nitrous oxide in one particular study would be almost
completely hopeless. However, some insight may be obtained by studying:
1.) the initial rate of decomposition in vwhich only reaction 1 is of
importance, 2.) the effect of nitric oxide on the decomposition of nitrous
oxide, and 3.) the effect of the other reaction products on the rate of
decomposition of nitrous oxide. Reaction 2 involving the reaction between

atomic oxygen and nitrous oxide is somewhat difficult and has not been
considered in this study.

The true thermal decomposition of nitrous oxide is only achieved
during the initiel stages of the decomposition. After the nitrous oxide
nas started to decompose the nitrous oxide molecule begins to react with
the decomposition products. BHence, the result would not be a true thermal
decomposition. If we consider only the initial steps of the decomposition
then we may consider the reaction to be

k
M+N20;‘?M+N20* 6)
a
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10" — X, + 0 (7)

In these reactions species M is considered to be any molecule capable of
producing an excited state in the nitrous oxide. The excited state or
activated complex is discussed in considerable detail by Slater (Ref. 15).
In the concept of the activated complex it is essumed that the energy of
the molecule is increased to a point at which the molecule is considered to
be in an excited state. The molecule subsequently undergoes a decomposition
from the excited state into the reaction prodncts. In the case of nitrous
oxide the activated complex is represented by Néo « The first of the two

equations above gives the rate of activaticn and deactivation of the activated
complex due to collisions with species M. The second of the two equations
gives the rate of decomposition of the activated complex. If we assume, as

is usually the case, that the concentration of activated species is maintained
at a relative equilibrium value then the rate of decomposition ¢f nitrous
oxide may be given as

a (%0)  (W0) () ke

: ; (8)

dt 1+ (ky/ky) (M)

We may further write this expression as
LD - - ey (10) (9)

vhere Kéxp (for experimental) is the experimentally determined rate constant

based on a first order reaction. We may relate this experimentally
determined rate constant to the rate of decrease of the intensity of the
infrared radiation by using equations (5) and (9).

Thus we find that the reaction rate constant for a first order reaction
may be given as

RS

—_— (20)
(t - to),

Kexp"

vhere I/Lo is the ratio of the intensity at a time (t - to) after the shock

wvave to the intensity of the radietion immediately after the shock wave.
To determine the true thermal decomposition of the nitrous oxide it is
necessary that we determine Kéxp in the initial phases of the decomposition.
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Hence, we are particulaily interested in the initial intensity decrease
after the arrival of the shock wave.

Because the incident shock wave is used in the experiments, it is
necessary to multiply the oscilloscope or laboratory time by the density
ratio across the shock wave to obtain the so-called ges time or the actual
time during which tle gas has been at & certain temperature. In this
manner we obtain for the first order reaction rate constant the expression

Kexp ==-1n (I/IO)/(DQ/Ql) (t - tO)L (ll)

Since we now the conditions of the gas immediately behind the shock
wvave, we may determine the reaction rste constent both for a particular
concentration and temperature, or pressure and temperature. It is generally
best to consider the varisbles concentration and temperature since the
concentration gives a better indication of the collision frequency than
does the vressure.

We may express the first order reaction rate constant as

Kexp = & %P (= Egot/RT) (12)

vhere A is the freguency factor and E..{ is the activation energy. Taking
natural logerithms of both sides we obtain

In Kegp = 1n A - —— (13)

Thus, if we plot the value of the natural logarith:. of K. vs. the inverse

of the temperature for a constant concentrastion, :zplyingxg constant

frequency factor, then the resulting curve should be a straight line with

a slope given by - Eact/il. Therefore, if the experimental data are presented
in this manner ond the activation energy is determired for verious concezirations,
then some indicetion a5 to the reaction mechenicem mey be nbteined for the
particular system under consideration. The elementary coasiderations of tr-
unimolecular rezctions heve been given by Slater (Ref. 15). For more details
concerning the experimental determinstion of the activation energy end the
frequency factor the reazder is referred to Ref. 15. In general, all of the
data presented in the following section will be based on the equation zbove.

SECTION IV

MEASUREMENTS

In this section we shell present the experimentzl daote obtained during
the present study. e shall be concerned only with the results obtained and




leave the subsequent eveluation of these results to the next section.
In this manner we can bring all the reeults together and form a complete

ploture of the thermel decomposition of nitrous cxide.

A. Argon-Nitrous Oxide Mixtures

Most of the experimental results obtained in thie study were
obtained with argon as the diluent. In this menner we may study the
thermal decomposition of nitrous oxide without any side effects due to
possible reactions. It will be shown later that the reaction between
nitric oxide and nitrous oxide does not necessarily lead to a thermeal
decomposition of nitrous oxide. It was particularly convenient to use
argon since the density ratio across the shock wave in argon is rather
low; being between 3.5 and 3.9. This means that the actual gas time was
only 3.5 to 3.9 longer than the time displayed on the oscillosope. This
longer time gives us a better time resolution during the initial stages
of decomposition.

The concentration of the argon-nitrous oxide mixtures varied from a
low concentration of sbout 0.07 x 10-# moles/cc to a meximm of 5.9 x 10-F
moles/cc. These two extremes in concentrations correspond to extremes in
pressures ranging from 1 atmosphere to 80 atmospheres. By examining
the variation of the reaction r-te consteat with concentration we may
obtain an insight into the mechaniesm of the decomposition of nitrous oxide.

The reaction rate constants ss plotted ageinst the inverse of the
temperature for the argon-nitrous oxide mixtures eare given in Figure 5.
The legend shows the various concentrations. The activation energy for
the concen*rations increased with increasirgz concentration from a low
value of 49,500 calories per mole to a imm of 56,200 czlories per
mole for the concentration of 1.5 x 10-% moles/cec. A graph of the
reection rate constent versus concentration is shown in Figure 6. From this
figure we find that the change of the rate constant with concentration .
is teginning to level off at the higher concentrations although, at this !
point, we cannot find the meximm or finel -ralue of the activotion energy
for an infinite concentretion.

B. RNitric Oxide-Ritrous Oxide Mixtures

The role of nitric oxide in the decomposition of nitrous oxide hcs
been postuleted by severzl individuals to be quite important. The data :
obtained in the experiments are shown in Figure 7 and cover a concentre.tiﬂn
range from 0.08 x 10~k moles/cc t0 2 meximm concentration of 0.304 x 10- i
moles/cc. Ve find that the dats may be fitted by = straight line {cirly
well., The activation energy obtained for the three lines shown on the
figure wes very close to 50,0l zalories per mole.

C. Oxygen-Nitrous Oxide Mixtures
The data obtained in the oxygen-nitrous oxide mixtures cover a

concentration ranre of 0.11 x 10 molea/cc to 0.39 x 10-b moles/cc,
In general, the data could be fitted fairly well by 2 straight line.
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The slope of the straight line incressed slightly at higher concertrations.,
The activatlion energies fur the two iines shown in Figure 8 are 48,300
calories ver mole and 50,000 calories per mole. In general, the rate of
decomposition of nitrous oxide wes only slightly faster in oxygen than in
8YZON.

D. Adr-Nitrous Oxide Mixtures

Several experiments were obtained with air as the diluent. These
experiments covered a concentration range from 0.07 x 10 moles/cc to
0.41 x 10=% moles/cc. The date could be fit fairly well to a straight
1line, however, slightly more scatter waes experienced in these experiments
than in the experiments with oxygen-nitrous oxide, nitric oxide-nitrous
oxide and argon-nitrous oxide mixtures. 'The data presented in Figure 9 and
represented by the two straight lines lead to activation energies of 50,000
calories per mole and 52,000 calories per mole. In general, the reaction
rate in alr was slightly faster than the reaction rate in oxygen.

E. Pure Nitrous Oxide

The experiments conducted with pure nitrous oxide provided some rather
interesting results. According to theoretical calculations the shock wave
velocity in pure argon is somewhat higher than that in pure nitrous oxide
for identical conditions in both the driver and the driven sections.
Bxperimentally, it wes found that under these conditions the shock weve velo-
cities in argon were sometimes higher and sometimes lower than those Za
nitrous-oxide. They were hardly ever equal to each other. The velocities
obtained are shown in Figure 10. That the shock wave velncities in nitrous
oxide were lower than those in argon can be explained on the basis of the
high mmber of internal degrees of freedom possessed by nitrous oxide. No
reason can be given why the wave velocity in nitrous oxide can be higher than
that in argon unless we assume that a rapid decomposition of the nitrous
oxide occurs.

To investigate the possibility of an appreciable decomposition of nitrous
oxide in the wave which night lead to a detonation wave attempts were made to
detonate this gas in a 180 foot detonation tube. Several methods were used to
establish a detonation wave. The exploding wire technique produced no detona-
tion waves. Even shock waves of moderate to high strength were ineffective.
Althcugh no stable detonation wsves were formed, it appeared that some decom-
position occured because brown fumes appeared in the shock tube.

Another rather interesting result wes the wave form of the output of
the radiation from the decomposing gas. It was shown in Section III that
the radiation output from nitrous oxide in =zn =xcess of argon was gquite
smooth and gave & uniform decomposition rate which is to be expected.
However, in pure nitrous oxide the radiaticn pattera was gquite uneven; it
is shown in Figure 11. These types of radiation patterns were not just
eccidental but were consistently obtained with pure nitrous oxide. Several
attempts were made to determine the cause for this radiation pattern &nd
none were fruitful. If it is assumed that the shock wave is spinning, as in
a spinaing detcnation, a radiation pattern similar tc the one observed may
be obteined.




As & further sid in the analysis of the shock wave in pure nitrous
oxide, the radiation in the visiblg region was studied. Hecwever, even
in the visible region around 5900 A the radiation pattern exhibited e similar
type of intensity variation. A typical trace of the radiation output is

shown in Figure 12.

SECTION V
DISCUSSION
A. Nitric Oxide-Nitrous Oxide Mixtures

The rate of decomposition of nitrous oxide in an excess of nitric
oxide was determined on the basis of a first order reaction according to
equation 6. Unfortunately, it is impossible with the amount of data
collected to decide whether the nitric oxide-nitrous oxide decomposition is
a8 himolecular or a monomolecular reection. According to our experiments
it appears that the reaction is bimolecular. Keufman and Xelso (Ref. 16)
have determined the rate of nitrous oxide decomposition in nitric oxide and
find thet the reaction is bimoleculer. According to these authors the
reaction is given by

- L - 50,000
k3—2.5x101 exp ( ZJ_'n'r>

If we assume that the reaction studied in this particulsr research progrem
was alsc bimolecular then our rate constant may be given as

- 4 _ 50,000
k3 2.0 x 10 exp ( “ﬁ_r")

The frequency factor in owr expression represents an average value obtained
from experimente with variouﬁ concentrations which produced values ranging
from 2.5 x 101% to 1.7 x 101%,

B. Argon-Kitrous Oxide Mixtures

The rate of decomposition of nitrous oxide in argon hes been determined
over a great range of concentrations. Therefore, it is possible to establish
the relationship between the rate of decomposition and concentration for this
resction. The results sre given in Table I. It 1s seen that the actlvation
energy incresse from 49,000 cal/mole at a concentration of 0.13 x 10-% moles/
cc to 56,000 calories/mole st a concentration of 1.5 x 10-4 moles/cc. This
ralationship is shown graphically in Figure 13. Since the highest concentra-
tion used in these experiments amounted only to 1.5 x 10~ moles/cc, it is
impossible to extrapolate the curve in Flg. 13 to determine the activation
energy Een, &t the high concentration limit., All that cen be 8aid is that the
value 02?0,000 cal/mole for Eqq by Johnston (Ref. 4) does not contradict
the values shown in Fig. 13.




heecording to Slater (Ref, 15) for a unimoiecular reaction the activation
energy lrcresses with concentration. The activation energy has its lowest
value vhen the concentration is very small. Flg. 13 is in agreement with
this prediction.

To determine the activation energy for the second order reaction in
which the activated nitrous oxide molecules are formed we make use of the
following relationship.

Kexp _x g ke (14)

™

This equation takes into consideration the fact that at constant temperature
Kexp depends on the concentration (M). When, for & given temperature, the
values of Kexp/(M) are plotted versus Keyp we obtain a curve whose slope
represents the ratio ka/kj as a function of the concentration.

The rate consient k, was determined for concentrations ranging
0.13 to 0.28 x 104 moles/cm3. In figure 14 the logarithm of k, x T-1/2
is plotted versus the inverse of T. Acccrding to the general expression
for a bimolecular resction rate constant

K - BTl/e (- Fact,

. e C 22 (15)

this curve should be a straight line whose slope represents the quantity
Eget. According to our data the activation energy amounts to 41,700
calories per mole within 1,000 calories. Thus the rate constant cen be
vitten as

k, = 2.8 x 1011 Tl/2 exp(- %%1%99) (16)

The activation epergy in equation (16) represents an sverage value because
the activated molecules may consist of several unergy levels from which
they can dissociste. In view of the faect that 38,300 calories per mole are
required to break the N-O bond in the nitrous oxide molecule, an activation
energy of 41,700 calories per mole appears to be reasonsble.

C. Oxygen=-Nitrous Oxide

At 1900°K for & concentration of 0.1k x 10°* moles of gas mixture per
cubic centimeter the nitrous oxide decomposition in oxygen {2% nitrous
oxide, 98% oxygen) is epproximately 4O% faster than in argon (2% nitrous
oxide, 98% argon). Since oxygen is a diatomic molecule it can transfer
energy to the nitrous oxide more readily than the argon atoms. There is

no reason to agsume that the decomposition in oxygen is & bimolecular
reaction.

13




Based on the samwmiion that the dscamposition of nitrous oxide in
a monomolecular reaction the rate constant for
this reaction has also been calculated for s first-order reaction. The
vesult is given in Teble 1.

i
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D. Alr-Nitrous Oxide

Because of their possible use in hypersonic wind tunnels nitrous
oxide-air mixtures were studied extensively. It was found that the
decomposition of nitrous oxide in air is approximately 304 faster than
in ozygen. Although the air was dried before it was used, a cmall amount
of wzter vepor msy still have beep in the air, Therefore, the actual
reason for the slightly higher decomposition rate of nitrous oxide in air
cannot Le given at this time.

E. Further Attempts to Determine the Mechanism of the Decomposition of
Nitrous Cxide.

It has been postulated by Lindars and Hinshelwood (Ref. 17) that the
dascomposition of nitrous oxide occurs from an excited electronic energy
level of the moiecule. The ground electronic state of nitrous oxide is
1 listate. If decomposition into nitrogen and stomic oxygen occurs from
this level the resulting oxygen mst be in an excited electronic energy
ievel, However, the decomposition occurs from a triplet state the oxygen
wouid be in its ground electronic state, If the atomic ox;gen formed
during the decomposition is in en excited electronic energy level then, in
principle, we should be able to detect the radiation from the transition to
the ground electronic stete. Unfortunstely, the radiation life time of the
excited oxygen 1s 110 seconds for the 1D state (Ref. 18). In the laboratory
it would be inmpossible to detect the radlation emitted in the tramsition to
the ground state, However, it was thought thaet it may be possidble to
introduce into the gas an atom vhich would exchange electronic energy with
the oxygen in such & way that & resonant exchange occurs and the excited
additive atom would then radiste. Such an .tom could be sodium. Sedium was
chosen since the energy level for obtaining the sodium D lines is about
2.09 electron volts, while the energy level of the 1D state 1s 1.97 electron
woltse.

To obtain the sensitized flourescence of sodium the chloride of this
element wes introduced into the gas mixture in the shock tube. The yellow
D lines, however, could not be detected in the radiation. It may have
been too weak to appear besides the very intense radietion from nitrogen
dioxide waich has very strong bends in this spectral region. When added
t0 pure ergon, sodium chloride produced the yellow D lines in the shock
vave a8 2 result of thermal excitetion. However, this radiation was found
40 te very weask 8o that it would not be detecteble in the presence of the
nitrogen dioxide spectrum. Further exreriments are necessary to develop
means which definitely would establish the presence or absence of electron-
ically excited atomic oxygen in the reaction zone of decomposing nitrous
oxide.
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SECTION VI
ACCURACY OF MEASUREMENT

The accuracy of measured reaction rate constants depends greatly
on the purity of the gas mixtures used tor the experiments. To minimize
these effects the gases were carefully purified before use and the shock
tube was cleaned as frequently as deemed necessary. Apparently contami-
nation from experiment to experiment was negligible: it was found that
occasional omission of the cleaning operation did not affect the results.

Systematic errors msy arise from (1) the method of calculating
temperature and pressure behind the shock weve, (2) the infrared detection
system used to monitor the nitrous oxide concentration in the shock wave,
and (3) from the uncertain effect of the boundary layer built-up behind
the shock wave.

Because of the small percentage of nitrous oxide in the mixtures with
argon the assumption of thermodyneamic equilibrium behind the shock front
will lead to very accurate predictions of temperature and pressure in
these mixtures. When distomic gases such as oxXygen, nitric oxide, or air
are used the temperatures in the shock front based cn eguilibrium calcula-
tions is slightly lower than the actual translationsl temperature because
the vibrational modes of the molecules are not excited as rapidly as the
translational mode. However, this behavior can be disregarded since the
effect of higher translational energy is cancelled by the lack of energy
transfer by vibrating molecules. Vibrational relaxation behind the shock
wave will have a great effect on the determination of the nitrous oxide
concentration by meens of measuring its infrared radiation in the region
between 2 and 6 microns. Since dissociation can occur only after the
vibrational modes have been excited and since the relaxation rates will
differ for different modes, measurements in two different wave length
regions will at least minimize, if not completely eliminate, the relaxation
effects. Experiments up to temperatures where decomposition just begins
t0 become noticeable showed tha. sbove 900°K no lag in attaining vibrational
equilibrium occured. Furthermore, the intensity of the radiation behind
the shock wave corresponded to the value predicted from other measurements.
Therefore, we believe that ocur results for the reaction rate constant of
the nitrous oxide decomposition ere not affected by vibrational relaxation.

To investigate the effect of boundary layer build up on the measure-~
nents, studies were made with pure nitric oxide 1n the driven section of the
shock tube. In the temperature regio.n used the decomposition of nitric
oxide is extremely slow. Therefore, the radiation of heated nitric oxide
at these temperatures should remain constant in the wave unless boundary
layer effects would ceuse premasture cooling of the gag. Our observations
showed that the radiation remains constant. Therefore, we concluded that
boundary layer effects were insignificent. This conelusion is in agreement
with the fact that at the pressures we employed boundary leyer effects
should be negligible.
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SECTION VII
CONCLUSIONS

According to our measurements nitrous oxide decomposes quite rapidly
at temperatures sbove 1400°K. For pure nitrous oxide at 1500°K the half
life is approximately 300 microseconds. Although electrical heaters can be
operated at these temperatures, it is doubtful that they can be used in
conjunction with nitrous oxide to obtain high enthalpy flows. Usually
the heaters burn out when the decompositior. of nitrous oxide begins because
of the sudden increase in temperature, T¢ eliminate this difficulty it
is planned to heat a stream of nitrogen to as high a temperature &s
possible. The hot nitrogen would then be mixed with preheated nitrous
oxide, It is hoped that upcn mixing of the two jets decomposition of the
nitrous oxide will occur and that it will be complete.

At temperatures above 2200°K the decompos: ion of nitrous oxide was
found to be so rapid that accurate values of the rate constant would
not be ascertained. At these temperatures the half life of the nitrous
oxide becomes less than 20 micro-seconds.
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